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likely to have a brier end unheppy career.
PROBLEN SOLVING UNDER TINE-CONSTRAINTS ;

How is it that people perform such tasks quicKkly andg,

f for the experienced, with very faw errors? Saying that
! llichael Richardson
skilled performance is 'eutomatized’ is unsatisfectory,
and
To be sure, in ueny cases real-time performance iI's fast
Zarl jjunt
and accurate, a critical descrjiptive attribute of
‘ autouated behevior (Schneider and Shiffrin, 1977.)
J University of Uashington ' '
‘ } 1 llovever s crucial, precondition, consistent napping between
! stinulus and response, iz often not met. Consider again
the driving cxanple. flhen people drive in heavy trarrtic
without accidents, they continually face pew and conptex
INTRODUCTION

situations., Furthermore, it is clear both frow intustion -

and experiuental results (Brown apd Polton, 1961) “hat

Problen solving sonetimes takes place uncer aseverc
driving diverts attention from other ongoing activitiesa.

real-tine conetrsints, Consider the problen of an
By definition, this wesns that the behavior is not

autonmobile driver approaching an intarsection. If the
autorated.

light {3 either red or green a hipghly overlearnad response

is appropriate. Little in the way of problew solving {3
The driving example is an illustration of & norc

ired. 1If ight 1§ ellow a decision nust « ude,
requ the 1i; 3y ° clalon wust ba . ude reneral {ssue. Time-constrained problen solving depends

he si is ed varal variables; ¢ distance
T decision bas on se ablesi the unee upon a mixing of controlled and automatic processea. The

to the intersection h ed of e aut the eud and ¢
° » the spe th o1 specd a : uixing must take plece rapidly enough to keep up with

distence of any following suto, and perhsps its {dentit
y ° & ! P P iden y real-world denands on the (roblem solver. Howevor, most

(e.g. i3 the following auto a lice car?) A good bit of .
©-8 & po & conputer sigulztiona of oroblem solving do not consider

reasoning has to be completed, quickly, or the driver is
the influence of reul-~time oonatraints on thought.
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"Reaction tine” studies are nore traditionally assigned to
the atteation and performance ficld. Which aspects of the
preccessing urc sutomsted? VYhst sre the control mechanjsns

and undor whst conditions is corirol exerciscd?

Here we preseat a uodel oy how sutomated ang
controlled processing casn be mixed. . The nodel i3 Yased on
previous work by Hunt snd Lansman (1983), who proposed a
fiodel of problem solving that could reproduce the data
obtsined with several attencion and perforuance paradiyus,
Thelir nodel i3 sn extens:on of the widely used
production-aysten notatlicn to tine-constrained problen
solving, A production-systen nodel of 8 taslk can be
divided into two discinct components, Onc is the oot of
productions that are used to apecify actiona in the Lagi
itself., These wil) be specific to a given situation. The
other conponent is the aet of echanisus that control
production cxecution, A good analogy is to regard the
productions used in s sinulation as a progran to uodel
task spccific behavior and to regard the nechanisns of
production exeoution as a model of the content-frec
information processing mechanisas that nust underlie all
thought, Following Pylyshyn (198%), we shall use the tern
"functional architecturs” to refer to the infornstion

processing mechsnisns collectively.

FROBT & Soriving ragze o

LA

What llunt and Lansnan did was to devclop a functional
architecture for production cxecution that was based upon
nodels that have been proposed to cxplain "attention anc
perfornance™ phenomens, such as dichotic listening, flick’s
lav, and rosponse choice in the fsce of conflieting cues.
flunt and Lanssan then usad this archi.scture to exccuto a
nunber of simple production systcns, corresponding to a
participant's understanding of the instructions that night
be piven in a variety of attention and perforuance tasks.
Tne time required to execute the produczihv systen progran
vas produced by an iuteraction betwaen the logic of the
productior systen and the pnechanisus of thc functional
architecture, vhich was constant across taska, fHunt and
Lanspan showed thst the interaction could ninic llunan data
in fairly sinple laboratory tasks, includini; choice
reaction tiue paradigns, a divided attention task, and a
sivple version of the Stroop paradigu. They auggested
that the same approach could bae applicd to understand peal
tiune probleu solving in more complex situations, but they
did not carry thelr work to the point of sinulating the

uore conpley situtstions.

This paper reports an extension of Hunt and Lansian’s

ttodel to s situstion in which psople pust do nentsl

\E
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arithoetie rapidly. 1In sddition, thc psrticipants in our
vork had to deal with a simple interrrupting task. llore
specifically, college students kept track of the runnings
total of a scries of nuubers. To keep the task rroa beling,
2 fully autousted one, ve requirod that the total be kept
in base three (trinary) arithuetic. Fron tine to tine the
arithunetic tssk yas interrupted. Ths participants had to
¢cal with the interruption snd then return to the
arithoetic tas¢. This situation was chosen as a
conprounise between the extremely conplex situations, such
as driving, that we would like to nodel and those tasha

that can bec nanaged in a lsboratory situation.

T PrSD168 Solving rage o

THE TASKS ANID THE PARTICIPANT'S GLHAVIOR

Procedure

Participants were first trained to do Basc 3
(Trinary) arithmetic. They were tzen given the task of
kecping s running total of a series of visuslly grescnted
trinary numbers. Frox time to time durlng the
procentstion of the nuubers to be added an suditory aignal
uvas preosentcd. The participant was to press a button in

responsc to the tone as soon 33 it was detected.

Three dcpendent variables were studied. Theso werc
the speod and accurscy of the arithmctic responscs and the

rcaction to the tone.
Additfon Task.

Subjects Four University of tlashington undergraduate

students wverc rceraitad through advertiseuunt. They werc

paid for their tine.

Iraininc aond tpstructions. Training includcd

ncoorizstion of the basic sddition facts (e.g. 1 + 2 = 10)
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and sufficient prectice with both written and verbal
problens so that all Participants achieved a perfcct scorc
on a 120 iten written test. The problens involved one to
four digit 1nte¢gr:. Soue of the problens required carrics
across one or nore coluuns,

The participants were instructed to do the problens
in trinary notation directly, pather than solving a
problecn in decinal netation and then converting the
results to trinary notation. They were also Instructed to
do nultiple digit problens fron right to left, on. colunn
at a time. Fhoth of these instructions yere intended to
prevent subjects fron adopting idiosyncratic nothods for
particular addition problems. For exanple, during
training sone subjects reported precalling fron previous
trials the suu of 122 and 1 (i.e. 200) without
internediatc carrying rrom colunn to coluun. All
participants reported they had no difficulty in conplying

uith the instructions,
Participants were also instructed to enphasize both

speed and accuracy, 4hat 1s, '...to respond as quickly as

possible but try not to meke mistakes.!

Hxngzingn&al_nznggﬂnnga* On each trial, the stiuulus

11
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digit (approxinately 2.1 mm x ¥ um) was presented on a
video uonitor located directly in front of the
participant, at a distance of approximatcly 7Secr. The
persons's task was to paintain a running total of 41l
digits presonted, As each digit was presented the
participant was to speak the new total into a ulgrophone
located below the line of sight between the participant
and the nonitor. The buginning of the verbal response
triggored a voice-onset koy attached to the conputer.
Three seconds after the onset of s verbal response (i.c.
approxinately two seconds sfter its conpletion) the
couputer prescnted the next nuuber in the scquence. The
taslk continued for a total of twenty digit prescntations.,
bigits werc selected at randon, subject to the constraint
that the correct total for cach sequence never be more

than 222 ({.e. throe digits in length).

The Auditory Probe Tash

Probu tones were presented during f{ye randonly
selocted trials in each sequence. The probc was a 130
HZ tonc with a duration of 69 o3ec,, presented 100 nsec,
after onsct of the vigual stimulus. The participant

responded to the tone by presaing a button. Participants

oo
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vere instructed to press the button before naking a verbzl

response,

The participants wore instruoted to say 'atop' when
they became aware of naking an error. After stopping,
they were asked to explain what the error was (e.g.
forgetting to press the button, making an additjion pract
error). They then.nlde 3 ocorrected response, rollowing
the corrected responae the rcaaining digits in the

fequence were pressnted.

Geperal dercriptiop of behavior
Responasc latencies for experinental trials vere

generally between 300 and 2500 msec. and overall error

rates were below 2 percent, [

Perfect performances on the pretest and low error
rates in exoerinmontal sessions denonstrated the subjects
knew how to do the taska. However, a nunber of differcent
types of errors were observed. The following t¥res of

errors were considereds

1. Arithmetio fact errors, Even though
the participants thoroughly learned the rules cf addition

for trinary arithmetic, they oacasicnally made errors,

Prostes ssiving rage 1o

.

Just as wost adulta do with decimal arithnetie,

2. Speaking the stinulus digit rather
than adding it to the running total. An exauple yould be
responding '2' to the second diglt in the sequence 1, 2,
Partioipants reforted aseing the stimulus and speaking it
uithout considering addition or the running totakl,

3. llot pushing the tutton in response to
the probe. Frequently this error was not detected by the
participants, . 4 ,

. Pushing the button after raking a
verbal responss, Participants reported that it was not a
‘conscious' effort to correct for not pusplnu the button
beforo the verbal response.

5. Forgetting the stinulus diglit or the
running totul, Oniy one participant nade this type of
error and only when he interrupted hiuself to correct a
previous error,

6. cCarry errors, i{.e. a railure to carry
the 1 to the next colunn to the left and to do the
appropriate addition, Fer coupleteness, ye¢ note that these
errors are not the cnly errors that could be pade. Hitch
(1974) has reported pore couplex parry errors that cannot
be distinguished from trinary arithmetic fact errora.

7. Transpoaition errora. Transposition

errors (e.g8. saying 221 when the corrsot response ia 212)

BEST COPY i\ aLApLE
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are logically possible but we did not observe any.

The participants would often detect thel own errors

a3 they made them. This will be called “error trapping.”

To sumuarite, the partioipants generally, but not
alvays, managed to remeuber the th{nu: they nceded to
reuenber, The fact that they often becaue aware of an
error after aaking it indicates that there was a. good deal
of self non{toring of behavior. The problens solverts
internal control of information seens to be an essential
part of real-time probles solving. These proceazes yere

reflected in the simulation, which will nov be described,

As noted, the uodel consists of 2 set of productions
that are executed by the functional architecture doscribed
by Hunt and Lansman (1983). The modified architccture
u1ll be described first. We then describe the productions

that it exzecuted,

15

Functional Architesture Tue term *functional

architecture' refers, collectively, to mechanisns requircd
for productior selection and execution. The tern will be
uscd to fnclude a specification of the wajor structural
components of the system (e.g. the existence of input
buffers and a working uemory) and conatraints on ghe
nature and size of those components; and the nature of the

pattern natching mechanism.(1)

The architecture consists of five atyuctural
components; an gaudftory {nout buffer , a Yisusl inpyt
buffer , 2 wuotor input buffer , a vorking megory (i)
and a s ory, (LTN). <The input buffers
correspond to external sensory channels., They and the ¥I!
constitute a 'blackboard' area that contains the patterna
that forn an internal representation of the current
situation, The Wl §s divided into five areas (or codes),
nemaht!c. visual, notor, auditory and a 'metacognitive!
area. The LTI contains the productions that responu to
patterns in each of thie blackboard areas, Figure 1, shows
the relation between componants, and indicates pernissibie

flows of information between then.

BEST COPY AVAILABLE
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Fig. 1 here

The selection of the productions to be executud {s
driven by the data in the blackboerd area. The pattern
segnent of each production ta oontinuously COgfarce with
the Information in the Input buffers and in #1i. The e¢xtunt
of agreement between.a productionts pattern and the data
on the blackboard determine the leyel of ectivation of the
production, Productiona ere alao eotivated by spreading
activation from releted productions, Thus the productions
can bs thought of ;2 being linked together in a senantio
network of associated concepts, legative associetions are
used when productiona are logical alternatives to each
other (See llunt and Lansmen for a discussion of the
algorithms for pettern metohing and the prules for linking
productions into a network)., When a production's
activetion level exceeds a threshcld and is sufficiontly
greater than the ectivation level of other productions the

action part of the production is exscuted,

The architecture used in this atudy modifies lfunt and

Lansmen’s aystem in three weya.

Prodlen Solving rage 14

(a) In Hunt and Lansman’a nodel infornation stayed
in 2 blackboard erea unlesa it wes specifically rcplaced.
In our nodel the 'clarity' of informi iom in W docays
over tiue unless it ia explicitly refreshed, To reprcsent
the decay, a decay rate paraveter, d(0>d>1) wes associated
with Uil. Instead of assuming that an object would be
natched (to some degree) to a pattern regerdless of fts
tine in Ui the match wes computed with probability
Pr(eit) for en object thet had been in Wil for t cycles
Without being refreshed. Pr (e!t) wes defined by the
equation Pr (elt) = (l-d).t' » £21,2,3 ... where t is the
nuuber of discrete tige cYeles since the ;bject Has placed

in i1 et tine tz0,

(b) An edditionel motor code was added, with its own

buffer area and chennel in WH.

(c) A uetacognitive erea was added to li. The
productions responding to petterna appearing in this area
dealt with qualitatively different Proceases than those
rcsponding to pettarns in the other erees of yif. The
patterna in other arees repreaented ections needed to
solve the addition or the probe reaponae task., The
patterns in the unetecognitive aree dealt with the aysten'a

view of ita own problen aolving procsaaes, 4s osn be

BEST COPY AVAILABLE
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seen, this sinulation conteins two separate nodels for error trapping submodel,

problen splving. ‘One is a task uwodel that is specific to

the problea at hand; here efther arithgetic or probe The netacognitive model contains:

responding. The second is a model for uonitorin; problen 1. An artioulatory submodel oontaining

solving actions, productions that detect a need to rchearsa information

currently in Wi, Rehearsal is acconplished by uoving

ue believe that this {s characteristic of peal tive patterns into auditory WH, recognizing then, and then

probleu solving. The problem solver nust be able to Placing the product of pattern recognition back futo a

nonitor wherc he (it) is in thc problem solving process at sonantic Il aroa. These productions are used to sinulate

any tiue, subvocal articulation,

The task nodel contains the following subnodels: 2. A goal i{nsertion subi.odel containing

productlons that fnsert goal patterns into the semantic

1.An addition task submodel contajning productions area of . The goals arc used to guide the taak

rcquired for trinary aadition, uodel,

2,An auditory probe task submodel cortaining the 3. An error trapping submodel containing

productions that recognize the probe tone, productions that identify specific errors, such as not

) preasing the button, These productions then produce

3.An {nput/output subnodel containing those patterns Indicating thc type of errors that are then

productions that translate patterns from the aensory output by the verbal output systeu.

buffers fnto areas of HHY, and those productions that

translate certain patterns appearing i{n Hii into external o003

responses. These patterns will have been produced hy the

additicn or auditory probe submodels or the netacognitive Although it is technioally correct to think of our

BEST COPY AVAILABLE N
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sluulation progran as being a production 1wysten, the usual
if-then notation of production systens do not capture
adequately the inmportant intersotions betwecn productions.
To do this we use an abbreviated form of the datafloy

Lraph notstion presented by Sowa (198%).
Datatloy graphs,

A nnlnzlnu_g;anh. is a finite, connectad, directed,

blpartite graph with the follow’ng characteristics:

2. The nodes sre partitioned into foncept and agtor

nodes,

b. Arcs may connect concepts and actors, but arcs
between concepts and concepts or actors snd actors sre not

permitted.

¢. An arc directed from s corcept & to an actor 3
Is termed an doput arc of a and the concept ¢ an

doput conegpt of z . '

d. An arc directed from sn sctor 4 to a concept ¢
is terned an gutout arg of A snd the concept ¢ an

output concept of a .

¥

2. An uotor uuat have one or more input concepts and

nust have exactly one output concept,

f. A concept ¢ ay be an input concept for more than

one actor. .

‘To map from patterna and actione to concepta snd sctors,

let patterns be represented by input concepts ané actions

by sctors and output concepts.

The dats (low graph illustrates how the p;oductions relate
to each other, This i{s ahown in Flgure 2, yhich
illustrates some key features of the graphs. Concepts sgre
drswn as rectanglea, actors as dismonda, snd the srrows on
arcs indicste diraction, This graph hss two actora, podea
41 and 32 . These correspond to the sction psrts of two
productlons, p1 and 22 . The concept nodes £1 and g2
correspond to the pattern part of production Rl , and the
concept nodes g2 and 23 correapond to the pattern part
of production p2 , An interpretation of this craph in
terns of productions fa thst the sotion of production 3}
is executed in reaponas to the pattern conaisting of

concepts g¢] and g2 . Concept g3 s reaulting from the

BEST COPY AVAILABLE
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actlon of production ,21 » together with conzept g2
constitute the pattern of production 22 , and concept gf

results fron the action of production p2 being excented,

Conecepts : Concepts.are concatenations of priinjtive

features (syubols) that are either objects or labels.

a. Ghlcets . Objects are internal synbols that
correspond to physioal stiamuli, The objects ye deal ylth

include:
. The trinary digits.
2. The probe tone.

3. Colunna These ars tho units 3s, 9s, and 27a
digit positions of a trinary integer.

4. The (perception of the) fingerpreass,

5. The null object, i.e. the ebsence of an objoct.

o 23
ERIC
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Objects may be concatenated to form conpound objects. For
example, the obJeots 2 and 1 concatenate to forn the
object 21 . The only objects that will be compounded are
digits and columns. The occurence of an objeot ny;bol
(hereafter referred to as an object) in a blackboard area
can be interproted as the occurence of a specific uunber
of a set. Ior examplo, the digit 2 {3 a wuunbor of the

set of Lnangni_ (as well as a menber of thce set of

Duwbers greater than zere etc.)

Labela . Labels are prinitive foatures that are attached
to objucts by the aotions of specific actors, thus
assigning additional neaning to the objects Lo which they
are attached. 1In general, labels specify the cognltive
roles that the objects play in the task at hand. For
¢xanplo, when the object 2 is labeled as an Integer it is
identified as belonging to the set of integurs, thus

cnabling further proceasing specific to integers,

The lavels used {n the model are:

1. atinulus - classifies an object appearing in an
Input buffer 3 a etinuluz.

2., Intecar - classifiee a physical diglit as a

nunher.

.
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3. Addend -~ olassifies an integer digit ag an
addend, In order for an integer to serve as input for an
addition process it pust be classified as an addend.

X, ZTotal -~ olassifies the integer output fron an
additlon process as a sum.

5. Larry - classifies 1 as the carry digit in an
addition.

6. lnits - classifiea a column or a Sincle difit
Integer as bo!na‘ln the rightuoat position in a
nulti-digit integer.

7. 33 - (see Units),

8. 93 - (aee Unita).

9., 27s - (see Units).(2)

10. Zere - classifios an fnteger as zero. This
1abel activates productions that deal with the nunber

zeros

1. Blank =~ classifles a column as blank (f.c. therc

is no integer 1labeled as belonging to that coluun),

12. llot ~ may be combined with other labels to
classify an objeot as not belonging to a particular set

(e.g. Not Zero or NHot Rlank).

b
.

Probleu S5Lving vage oo

13. Ipput =~ combined with a label that designates an
input buffer (e.g. Auditory) to classify an object ay

input to the systen.

14, Qutput - combined with a label that desi{gnates
an output system (e.g. Verbal) to designate an object for
output (i.es. to be translated into an external response).

15. Auditory - cowbiaed with the label Input,
clasaities an object as having appeared (n the auditory

buffer ({.e. as Auditory Input).
16. Yisuul =~ (see Auditory).

17. Souatic - (see Auditory).

16, Yorhal - coubined uith the label Qut put,
clasaifics un object as verbal output (i.e. cnables actors

that uJ11 translate the object into an external verbal

response).,

19. lanupl - (ses verbal).

20. Sane ~ claasifies two objeots as bclonglng‘to
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the sane object type (e.g. If two objects are both labeled

83 the Units Integer thcn they might be labeled ss Sane).,

21, Diffcrent - (see Sane).

22, 0ld - when a totsl for the additicn task has
been output as an externsl verbal ;esponse that towal Ig
labeled 0ld to distinguish it fron the llew total that will
Le conputcd fron the,old total and @ stiuulus inteper (cee

Hlew),

23. Moy - when a new total has been conputed for the

additlonr t25k it I3 labeled as llew. (see 0ld).

28, 1lull Label =~ absence of a label.
Actions The actions pernitted to productions are:

a. Label ~ Attach one or norc labels to one or nore
objects. For example, a particular actor labels the objuct

2 as an Integer. wLabeling produces a refined definition

of an object that may cue subsequent acotors.

b. JInaert -~ Place an object in sn srea of WM. For

exauple, one of the 'arithmetio fsct! sotors recognizes

2'f

LLOULG uba rdny Y .

the palir of integer sddends 1 and 1, and places object 2
» labeled as a sum, {n the semsntic srea of i,

¢. Translat¢ - Hove an objoect frow an 1npu£ butfer
to an area of Wl or fron onc area of W to another. A
translation from an input buffer to an sres of Wi retains
the originel asensory gode of the object. Certsin actors
also translate objects from Uil to external verbal and
panual output systens. (These output systeis are not

further defined in our model). !

Iudividual gctors may aot upon more than one obJject and
Bay ecxccuto uore than one of the three basic actiona on
the object(s). For exauple, the arithmetic fact actor
that Inscrts object 2 1nlo the sensntic area of ! also

Labcls that objeot as llcw and as Total (4).

Ratterns, concepts. apd the contcntas of the input buffers

and Ui,

Each blackboard arca contains discrcte priuitive featurcs,
consisting of objeots snd their sttsched labels. An abject

ard {ts labels must slways be in the sane blackboard srea.

A goncept consists of a gonestanstion of labels and

28
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objects. A concept may contain one or more labels, with
or without the object to which the labels are attached, or
t:ay contain an objact, with or without the labels attached

to it,

A pattern consists of one or more concepta. The concecpts
that nake up a particular pattern pust be in a single
blackbnard arca.

.
.

For exanple, conaider a aituetion in which the current
total is 1 and the digit 2 1s shown. Once the stivulus
digit was rccognized Wi would nont;ln the followiug
reatures:

a. stinuluy & integer & 2 & not zcro.

b. old & total & units & integer & 1 & not blani:

These are instances of the concepts: (stinulus & integer &
not zero) and (old & total & units and =ut blank). Each
concept i3 defined in terws of the labela attached to a
single obJect in this example (but not generally) and
neither conccpt includes the object. The two concepts are
the input concepta (on the pattern) for an actor that
labels each object as an addend. After this actor

executes, the contents of the aemantic area of Ili would

be:

a. stimulus & integer & 2 & not zero & addend
b. old & total & units & integer & 1 & not blank ¢

addend,

The augnented deacription would trigger the arithnetic

fact rule for adding 2 and 1.

lehavior of the Simulation

.
. I

This section presents a dynamic deacription ot the
sinulation. First, the addition and auditery probe task
subuodels yill be preaented, using block diagrans. Then,
a detailed walkthrough of a specific example will be
civen, with the aid of a dataflow graph. Pinally, wc
describe the actions of the various "netacognitive®
subuodels; articulaticn, goal fnsertion and error

trapping.

Ihe Aqdition Submodel

Figure 3 provides an overview of thec addition task
subuodcl,

Bloek 1 . » Eyaluate Toput ": 1Input is *sensed' by
the appearance of a (digit) objJect in the visual buffor.

The ayubol fa tranaferred into the viaual area of WHii. The

)3
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digit is labeled as an integer, and as a stinulus., It {s
then translated into the semantic area of W, where it is
labeled as zero or not zero. Esch transfer or labeling Ia

achieved by production selection and execution.

This is the p;lnt at which the firat of several
poasible errors nay occur, The productions tuat cep
cause {t to 'spoak' the nane of a digit nay be activated
instead of those that daal with the'diuit as an addend.
Looked at another wWay, cnroute to creating the addend
pattern the system comes close to creating patterns that

triggor the speaking actions of block 3 of Figure 3.

Block 2, Labeling : The old total is labeled as blank

or not blank. Bssed on this infornation and whethcr the
stinulus i3 zero or not a decision is made either: to
labe) the stimulus as verbal output (Block 3), to label
the old total as verbal output (Block 3) or to add the
stinulus and the old total to forn a new total (Block 5).
The last decision is the nost lntere:glnn casey, so it uill

be considered fiprst.

Block 5, Adding ¢ The stimulus snd the unit colunun

digits are labeled as sddends. The sum of the two digits

31
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i3 inserted in the semantic srea of WM and labeled as the
neu units integer, If s carry is necessary, and the next
colunn (3s column) i3 labeled as blank or not blank, the
integer 1 is labeled as the 3s integer and the 3s'colunmn
is then labeled as not blank. If the 3s column ia already
labeled as not blank, thcn the 33 column integer apd the
carry integer (i.e. 1) sre lsbeled as addends. Th~ suu of
these two digits is f{nserted in the seuantic area of WI§
and labelad as the new 3s integer. The labeling and
inscrtion process continues across colunns, until the
addition process is couploted and a new total is forned.
(Hote that columns to the left of the units coluun are not

processed unless there is a carry.)

Block 6., Qutput The new total is labeled for output

as a verbal response,

The output label sctivates the productions, Control
is in Stey 7, where 8 verbal response is created, liote
that Step 7 way be activated by any of several prior

steps.

Fig. 3 here
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Ihe Auditory Probe Submodel

Figure § ia a block diagras that represents the

auditory proba tsak aubmodal,

Block 1 Recogpition, When a tone appears in the

auditory buffer it ia translatad into the auditory arca of
. There it is iabolad as tha atimulus tonc and¢

translated into the aemantic araa of Wi,

Dlock 2., Hhen the tona is recognized in senantic N
the fingerprcas object is inserted in semantic UM as a

goal and labcled as a wanual respocnsa output,

Block 3 Response Production, When a stipulus in .

asmantic WM {3 labaled aa ap output the exterual manual

reaponse {s pade.

Fig. 4 here

AT —

TV A0 ~uieang L~ Jv

An_Illuatrative Exanple .

Flgura 5 displays parta of a dataflow graph
sumnari{zing tha action of the addition task submodel for a
single trial, Suppoes that the old total is 12 (Decinal 5)
and the digit 1 appears., Tha following actions will take
place, The numbar or latter in paranthasas before each

connent locatea the sotion in tha graph of Figure 5,

(1) The objeot 1, labeled as a atimulus xntéser is
translated frou the visual to the seuantic araa of Wi,

(2) Actor 2 labels tha stimulua integar 1 as not
zero.

(3) Tha old total tnteger (for this example 12) is
not blank.

(%) Becauss tha atimulua {ntegar ia not zero, and the
old total {s not blank Aotor ¥ labala tha atimulus integer
and the units intagar of the old total as addends, The
trinary addition ‘4 + 2' i{a to be psrforaed,

(5) Actor (5), an arithnetic fact, carrics out the
addition. Jlote that Actor 5 has objects labeled as
addends aa its {input concept. The object 0 is placed in N
labelad as an integer total, and the object 1 ia placed {in
Wif, labalad as a zarry intagar. .

(6) The old 3s column 1a not biank, aa the old total

is 12,

BEST COPY AVAILABLE
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(7) Because the stimulus integer and units integer
have been labeled ss sddends, and thore is a carry integer
and the 35 column is not blank, actor (7) labels the carry
integer (i.c. 1) and the 33 integcer (i.e.i) as adaends,

(8) Actor (8), sn arithmetic fact, carrles out the
addition and inserts object 2 in semantic Wil as un interer
and new colunn totsl (in this case the 3s coluun). ot
that there is no carry integer.

(9) Because the.93 column and.27a coluun arc blanl,
and there is no carry integer, actor (9) labcls the colunn

totals 2 (i.e. 33) and 0 (i.e. units) as the ncw total,

and labels then as verbal output.

Ihe lcotacospitive Rehavior .

The netacognitive model is a set of proccdures that
nonitor the performance cf the other modcls. Three types
of data are nonitored. These are the quality of data in
working memory, the progress of each task nodel toward its
problen solving gosls, and the existence of conditions in
Ul {ndicating that an error hss occurred. The uodei

itself is divided into three submodels, each of which

FEOOLLL OOLY £y, ta, v e

acconplishes one of these funotions.

Inhe articulatory subnodel : This subrnodel contains

processes that protect the information in HH aga]h:t
decay. The subrodel contains actors that tranalste
objects fron semantic area to the auditory area of WP and
back again. The sction of translating has the effcct of
refreshing the object, by inserting s fresh copy into LI
The actors that translate from scmantic to auditory ure
triggered by an obJject's being in the senantic arca for
come tiue without being acted upon (i.e. Labecled or

Translated).

Ihe roal insertion submodel : Actors in this subnodel

Insert goals fnto the semantic arcs of U, The goals arc
concepts consisting of s null object snd various labels
that, collectively, represent a desired future statc. The
bual.would Le attained if the labels could be attached to
an object. The goal inscrtion actors exccute after an
object(s) has been {n the senantic arcs for son¢ tine and
usually hay been refreshed (translated) by the
articulatory sotors one or more times without otherwisc
being acted upon, ( This condition arises if processing on
a task is stslled). For exassple, suppose that the

stinulus {ntcger and the unita integer are both labeled ss
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addends and have deen ao lateled some tino. After theso
objects have ;aon translated by the articulatory subuudel
actors one or uore times a goal insertion actor nay JIn.-ast
a2 null object labeled as a 'new column total' into the

senantic area.

The execution of ths goal lnaortion actors raises the
activation level of the relevant task subnodel actors az a
result of their linktges in the association network. This
culdes processing toward aatisfaction of the appropriate

roal,

Leror trappine subpodel . Various actors in this Subnodcl

identify errors (i{.e. patterna consi{sting of {ncorrect
sets of labeled objects), label the objects as errors, and
nake a verbal reaponse that identifies the error. For
example, {f a tone, labeled as the auditory probe, is in
the semantic area of W, and an integer, labeled as a new
total and as auditory input, (i.e. the new total hzs bean
spoken and is heard) is in Uti, but there is no
-fingerpress, labeled as gotor input, (i.e. the key proased
and the notor reaponae felt) in the semantic area, then
the simulation "knows", in effect, that a verbal response
“Wa3 made bofore reaponding to the auditory probe, which is

an error. This condition ia the input pattern for an

gESt €

%m%

actor that identifies the error.

Comparison to lluman Data

To evaluate the succesa of the model in locounf!nu
for the particpants' performance we conpared both
qualitative and quantitative aspects of huuan behavior to
the sinulation progran's behavior. The simulation dan
clearly perforu the addition and probe response tasks.

Depending on the value of the internal paramcters the
sinulation can produce all seven of the errér types
described earlicer. Ue have not exploroed scttings that
produe carry and transposition errors, &3 these do not
appear in our data. Table 1 liats the error types, the
observed frequenciea for our participanta, whether or not
the error type was trapped by participants, and the
nechanisns in the model that produce sach error type. The

rodel Jis also able to trap all the error types trapped by

the participants.

L e L L L T T Yy

Table 1 here

Couparing reaction time data providea a more

t
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quantitstive contrast between the model snd the hunan
date, Two typos of responses can be made, additiona and
livy press responses to the probe snd signal. Table 2 lists
each particpant's medisn reaction times to addition
problens under four conditions: when a probe was present
and not present, and when s osrry operation wis and was
not required. The tablo slso lists the nedian rcaction
tines for responses to the probe tone whon the cohecurroent
addition trial did or didg not require a carry.

The table also shows the nunber of discrete tine
cycels the sinulation required to nake the sauc responscs,
The sinulstion's responses glso have to be averaged
because there {s sone variation due to internal nolse in

the systeu,

- - 2 -

Table 2 hare

0 o s e 0 0 T e

In ordor to faci{litate s conparison botween thue
sinulated snd actual data all data were converted ta tiues
(or cyzles) rolative to the tiue required to rezpond to a
probe while dolng an addition without a cerry, This was
the quickest response for both the simulation and the

hunan subjects, The resosled jusbers sre shown in Table

39
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3. The sinulation generslly did a good Job of precicting
the relative resction times for each of the six

conditions,

Table 3 here

13
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A. lo error producing productiona were used. This
13 a contrast to the work of Brown and Burton (e.g. Lrown
and Durton, 1977), who explicitly used "buggv! productions
to nodel children's arjthmetic errors. e SLobut od that
our adult :ubjeeg: koew how to do the exporlucntél tasks,
Thus we ars forced to conclude that errors arisc frot the
nisapplication of correctly formed, productions. The
errors that our wodel permits arise fron the cechanisus

listed in Table 1. As we have noted, thcse are sufficient

to produce all errors that yere observed,

B. The complexity of the productions that we used

Was severcly constrained.

V. Decisions that direct the behavior of the
systen were uyade by the fnteraction of groductions rather
than by the action of individual productions. For
exanple, the decision to make an arithoetic response by
naning the siimulus integer, the old total or with a new
total was made by the actions of the several productions

that deternine if the stimulus was zero, if the old total

b]8

sopt WRILPBLE

uas blank, and ao forth.

2. The patterns that {nitiates productions were
relatively sinple, compared to those used in other
sivulations (e.g. Anderson, 1983). "The most couplex
patterns that ocour in our model are those used by the
productions that trap errora., These do not require pore
than four concepta in a single pattern.

3. Putterns were constructed from a swall set of
prinitive features. Thia is widely accepted as a *
requirenent for production system nodels (Newell, 1980).
The sharing of features across concepts and patterns and
the possibility of confusion acising frou
ulaidentirication of thes is a basfc mechanfsm in our
nodel for producing errors.

k. The actions taken by productions were sinple and
linited 1{a nunber.

5. There was no branching within individual
productions. At least two versions of this constraint are
possible. The weak version constrains a production to
tzke a sinilar action on any set of tarcet objects (u.y.
doubling single digit integers). The resulting autput
then varies with the input. Such a production,
instantiating a noatrivial function, must not only match a
pat.tern but also diatinguish between inputs, The strong

version of the no branching constraint requires individual




productions to produe; invarisnt output,

lle adopted the stronge~ constraint. This leads to a
aignificant difference between our model and John
Anderson®s ACT* model (1983), which utilizes local
variables and thus follows the weak constraint, In this

respect our nodel is like that of ficClelland and fluclhart

(1981),

C. Patterns and actions vere all object-oricnted.
This constraint limits the denotationsl power of
productions by requiring s physicsl object reference for
abatract concepts (e.g. the concept thst sn integer {3 not

Zero).

D. Gosls were structured an< processed in s fashion
sinilar to other concepts., In vur nodel goals sre
concepts constructed from the sane prinitive featurcs as
other concepts and processed in the sspe way. As a rcault,
the nodel is ontirely dats~driven at the level of

individuzl productions,

Significance. In the course of our work we found seversl

ways in which the architecture of the originsl llunt snd

Lansman nodel wss ineuffigient for the Job of nodeling the

fRIC 43
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conplex real-time problem solving studied here. He have

nodified the srchitecture in the ways described earlier.

As In any sinulation,some aspecets of the prescnt uodel are
obviously tied to the particular arithmetic and probe
tassks we hsve studicd. These apeclalizations are lq the
production systems, and are of little general inportancec.
The effects of the rastrictions on production aysten
desig;n are nore interesting. Ue have shoun that a
rclatively conplex resl-time task can be nodeled by a
production system nochanisa thst conforms to a substantial
nuuber of constrsints. The nsjor iuportance of this worl:
is that {t provides a further ltnk between the 't.ine~less?
problen solvin, studfed in nost siuulations of cornition
and the highly sionplified, but tightly tius bound,
situations used to develop podels of hunan inforuation

processing.
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Footnotea

1. Our use of the tern functional architecture is siuflar
to Anderson's usage (1983) and somewhat, nore linited than
Pylyshyn's (1984). Pylyshyn'a usage includes ceneral
ehl}aetcrlstloa of produot{oll such as constreints on the
kinds or actions that proﬂiﬁgtol'oan execute and what
counts aa a seuantio prisitve (f.e. pattern feature),
Although we woul¢ concur with Pylyahyn that such things
are properly 'architectural' our expqsition of the model
is simplified 1f we present tkem in our discussion of
Productions (section III B) and in our general disoussion
(section VI A) rather than as part of the functional

architecture,

2, The longest correct total for the cxperinental task
t1as three digits. Occasjonally subjects nade crrors that
led to four digit responses (i.e. an integer in the 27s

colunn),

3. This seems to permit very powerful actors f{n the

nodel, but is necessary for keeping the simulation within

practical computing limits. Each actor that executea nore

rroviek oVidaiug (TR,

than one basic action or acts on more than one objcet
could be replaced by separate actors each exccuting only
one basic action and acting on a single objcct, #ithout

affecting the logic of the simulation,

¥, e would like to compare the relative rrequenex of
cach crror type for the ainmulation with the frequencies
produced by participants, however, the partipants' averall
error rate uas less than two percent and such a couparison
tould require saveral thouaand trials for the sinulation.
This would be prohibitively expensive in computing costs,
For exanple, to run a total of 3200 irials as our four
subjects did would require over 30 hours or'nysten
operating time on the VAX/780 that we used for the

siuulation,
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Problem Solving
H}
Table 1
Figure Captions Participant's Errors and Mechanisms in the Model for Simulating Them
Figure 1. Structural components of the functional architecture and permissible flows Error Occurance In Trapped By - Mechanism In
between them, Type Participant's Data  Participant’s Model
Figure 2. An abstract extmple of a dataflow graph.
Figure 3. Block diagram of the additfon task submodel, 1. Speaking the 2 Yes Priming of Production
Figure 4. Block diagram of the auditory probe task submodel. Stimulus (.41) From Previous Trial.
Figure 5. A dataflow graph for a specific exupl'e of the addition task submodel 2. o Probe SR K Yes Decay of Probe,
processing a single trial. Response (.22) Competition Between
Tasks.
3. Probe Response After 9 Yes Competition Between
Addition Response (.16) Tasks.
4. Addition Fact 9 No Confusability of
Errors {.16) Addends,
5. Forgetting Stimulus 4 Yes Decay of Integers.
or 01d Total {.07)
6. Carry Errors 0 NA Persistence of
Pattern in b.i.
7. Transposition Errors 0 NA Confusability of
Integers.
Note. Proportion of total errors in parentheses. -
r

ot
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Table 2
Median Reaction Times for Participants (in ms) and the Simulation {in time cycles)

Condition Subject Simulation
1 2 3 4

Probe - 451 662 594 712 6
No Carry (137) (138) (133) (136) (o)
Probe - 462 768 620 765 7
With Carry (60) (62) (57) . (60) (9)
Addition - No 586 695 809 964 9
Carry, No Probe (404) (412) (396) (397) (48)
Additon - No 863 1156 1214 1344 1
Carry, With Probe  (137) (138) (133) (136) (16)
Addition - With 1578 1436 2027 2668 17
Carry, No Probe (195) (188) (198) (198) (27)
Addition - With 2209 1660 2483 2814 22
Carry, With Probe (60) (62) (57) (69) (9)

Note. Number of observations in parentheses.

|
»
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Table 3

Scaled Reaction Times for Participants and the Simulation

Condition Subject Simulation
1 2 3 4

Probe - i.0 1.0 1.0 1.0 1.0

No Carry

Probe - 1.0 1.2 1.0 1.1 1.2

With Carry

AMdition - No 1.3 1.0 1.4 1.4 1.5

Carry, No Probe

Addition - No 1.9 1.7 2.0 1.9 1.8

Carry, With Probe

Addition ~ With 3.5 2.2 3.4 3.7 2.8

Carry, No Probe

Addition - With 4.9 2.5 4,2 4.0 3.7

Carry, With Probe

Note. Values for each participant and the simulation are scaled separately in terms

of the median Probe- No Carry reaction times, which were in each case the shortest

median times.




